ABSTRACT Fall armyworm is a signiÞcant agricultural pest in the Western Hemisphere and an important system for studying Lepidopteran migration and speciation. Critical to these investigations are methods that can differentiate between two morphologically indistinguishable strains that differ in their choice of plant host. In a previous study, haplotypes of the fall armyworm Triose phosphate isomerase gene (Tpi; EC 5.3.1.1) were shown to be effective indicators of strain identity. However, the method had technical complications that made it expensive to apply on the scale needed for most population studies. The focus of this paper was to develop a more efÞcient and cost-effective procedure. By combining polymerase chain reaction (PCR) ampliÞcation and restriction enzyme digestion, a strain-speciÞc polymorphism in the fall armyworm Tpi locus can be characterized from single specimens without the need of DNA sequencing. This method was more accurate under some circumstances than COI haplotyping, the current method of choice for population studies. The modiÞed Tpi method was used to expand upon previous indications that interstrain hybridization occurs asymmetrically, to conÞrm observations of seasonal periodicity in the proportions of the two strains infesting Florida cornÞelds, and to demonstrate that certain instances where strain speciÞcity to their host plants appeared to be compromised were because of variability in the association of the COI markers to strain identity. The results indicate that the application of both Tpi and COI analyses to the study of fall armyworm populations is now practical and should facilitate the mapping and study of fall armyworm subpopulations in the United States.
The fall armyworm, Spodoptera frugiperda (J. E. Smith) is the primary pest of corn and other crops in the southeastern United States, the Caribbean, and South America (Luginbill 1928 , Sparks 1979 ). It has a broad host range and is responsible for signiÞcant damage to a number of important crops during outbreak years, notably cotton , wheat, and turf grasses. The control of fall armyworm recently has been threatened by observations of resistance to certain varieties of Bt proteins used in GMO crops (Chilcutt et al. 2007 , Storer et al. 2010 ). This has led to increased interest in understanding fall armyworm migratory behavior and the consequent exchange of alleles between geographically distant populations.
These studies are complicated by the existence of two morphologically indistinguishable subpopulations deÞned behaviorally by their differential distribution in large grasses (designated the corn-strain), such as corn (Zea mays L.) and sorghum, versus smaller grasses (designated the rice-strain), such as rice (Oryza spp.) and Bermuda grass [Cynodon dactylon (L.) Pers.] (Pashley 1986 , Pashley et al. 1987 . Comparisons of North American and Brazilian fall armyworm collections demonstrate that the two strains exist throughout the western hemisphere and exhibit the same plant host biases (Busato et al. 2004 , Nagoshi et al. 2007c , Machado et al. 2008 . Strain-speciÞc differences in mating behavior have been observed, most notably in the timing during scotophase of female calling, male calling, and copulation (Pashley et al. 1992 , Schoß et al. 2009 ). Recently, strain differences in the sex-pheromone emitted by the female were found, although there was disagreement about the speciÞc components involved (Groot et al. 2008, Lima and McNeil 2009 ). However, these mating barriers are not absolute, as hybridization between the two strains can be induced in the laboratory (Nagoshi et al. 2006a (Nagoshi et al. , 2008a , and it is estimated that Ϸ16% of the fall armyworm collected from Louisiana, Florida, Puerto Rico, Guadeloupe, and French Guiana from 1990 to 1992 were derived from interstrain hybridization (Prowell et al. 2004) .
Population studies of the two strains and hybrids are made difÞcult by the absence of diagnostic morpho-logical characters. Molecular markers are the most accurate indicators of strain identity Prowell 1999, Prowell et al. 2004) , with polymorphisms in the mitochondrial Cytochrome oxidase I (COI) gene being among the best characterized (Nagoshi et al. 2006b ). The COI corn-strain haplotype typically is found in Ϸ80% of the larvae isolated from corn, whereas the rice-strain haplotype makes up 95% of the larvae collected from pasture or turf grasses (Pashley 1989 , Prowell et al. 2004 .
Recently, polymorphisms within the Triose phosphate isomerase gene (Tpi; EC 5.3.1.1) were characterized and used to develop a Z-chromosome-linked marker for identifying fall armyworm strains (Nagoshi 2010) . Ten single-base polymorphisms were identiÞed as being strain-biased in their distribution in wild fall armyworm populations. Tpi haplotypes associated with the corn-strain (Tpi-C) and rice-strain (Tpi-R) were deÞned as having at least seven of the 10 sites with the appropriate strain-speciÞc polymorphisms (denoted as the Tpi[10] method). The strain designations using Tpi gave results generally consistent with COI, although there were notable instances of signiÞcant discordance that suggested the COI-based method might be underestimating the proportion of corn-strain under some circumstances. The use of Tpi[10] therefore could be a valuable complement to COI and other methods of strain identiÞcation, and also facilitate studies of interstrain hybrid behavior, which is one method by which discordant COI-Tpi conÞgurations could be generated (Nagoshi 2010) .
In this study, the relative distributions of COI and Tpi strain markers were further examined in both the overwintering areas and at certain migratory destinations to conÞrm and expand upon earlier observations (Nagoshi 2010) . The additional DNA sequence data allowed development of modiÞcations to the Tpibased method that made it possible to analyze strain identity without the need for DNA sequencing or limitations in the use of male specimens. The practicality of using this method for large population surveys was demonstrated by its application in a reanalysis of collections that gave unexpected results with the COI markers. The Þndings indicate that Tpi can provide an accurate measure of strain identity that in combination with COI will allow more efÞcient studies on the distribution of the different genetic subgroups.
Materials and Methods
Fall Armyworm Samples. Genomic DNA preparations of fall armyworm samples from previous studies were stored at Ϫ20ЊC. All had been characterized previously for strain identity by using the COI marker (Nagoshi et al. 2007b (Nagoshi et al. , 2008b (Nagoshi et al. , 2009 Nagoshi 2010 ). Additional and conÞrmatory analyses for COI were performed as needed.
Strain Analysis Using COI. One of two methods were used to identify strain-identity. In method-I, primers COI-58 F/COI-1059R were used to produce a 1-kb PCR ampliÞed product containing an MspI site at two locations, one speciÞc to the rice-strain and the other the corn-strain (Nagoshi 2010) . Digestion by MspI produces diagnostic banding patterns associated with the rice-strain (COI-RS) or corn-strain (COI-CS) haplotypes. In method-II, primers COI-893 F/COI-1303R were used to generate a 410-bp PCR product that contained a single EcoRV site present only in the rice-strain (Nagoshi et al. 2007a) . The presence of two bands after EcoRV digestion is diagnostic of the COI-RS haplotype. If only one band was present, it was puriÞed from the gel and analyzed by DNA sequencing to conÞrm the COI-CS haplotype.
Strain Analysis Using Tpi[10]. This method is based on the presence of 10 single base polymorphisms identiÞed as being strain-biased in their distribution in wild fall armyworm populations (Nagoshi 2010) . These polymorphisms are located in an Ϸ400-bp region that includes exon-3, intron-3, and exon-4 (Fig. 1) . The Tpi haplotypes associated with the corn-strain (Tpi-C) and rice-strain (Tpi-R) were deÞned as having at least seven of the 10 sites with the appropriate strain-speciÞc nucleotide. Because Tpi lies on the fall armyworm Z-chromosome (Yasukochi et al. 2006 , Nagoshi 2010 ) the sex of the sample inßuences the effectiveness of the assay. Females are Z/W and so carry only a single copy of the gene. Therefore, direct sequencing of PCR-ampliÞed genomic Tpi fragments will give unambiguous sequence information. Primer pair Tpi-282 F/Tpi-1195R (formerly Tpi-698R, Nagoshi 2010) was used to generate an Ϸ900-bp fragment spanning the 10 polymorphic sites, with DNA sequencing performed using one of the PCR primers ( Fig. 2A) .
Because males are Z/Z, they carry two copies of Tpi. In this case direct sequencing of a PCR-ampliÞed product from genomic DNA involves reading both alleles simultaneously, producing overlapping chromatographs. This isnÕt an issue as long as the two reading frames are in register, with bases in common producing unambiguous signals. Heterozygosity for single base polymorphisms generate overlapping curves representative of the two nucleotides present, but do not affect the reading of neighboring sites. In contrast, heterozygosity with respect to insertions or deletions (indels) cause shifts in the reading frame of one allele relative to the other. The result in a sequencing reaction is that sequences downstream of the indel produce overlapping chromatographs that are out of register and therefore unreadable. Resolving this problem requires additional steps, such as sequencing from additional start sites or by cloning the individual alleles. The presence of indels in the Tpi introns was empirically found to be common, limiting the use of males in the analysis (Nagoshi 2010) .
Strain Analysis Using Tpi[C370]. To avoid the complications caused by indels in the introns, a modiÞca-tion of the protocol was tested where only the polymorphisms within a single exon were used, with DNA sequencing initiated within the same exon. Exon-4 contains four polymorphisms, though one is in practice unusable because of its proximity to the sequencing primer site. PCR reactions were performed with primers Tpi-632 F/Tpi-1195R to produce an Ϸ600-bp fragment from the beginning of exon-4 to the middle of exon-5, which includes a variable length intron that is typically Ϸ250 bp in length ( Fig. 2A) . DNA sequencing initiated from Tpi-632 F consistently provided usable sequence information for the three downstream polymorphic sites in both male and female specimens. Only information for C370, the site associated with the strain-speciÞc MspI site is presented in this paper, as information from the other two sites did not signiÞcantly improve the agreement between this method and Tpi[10] (data not shown).
Strain Analysis Using Tpi[MspI]. This method monitors the same polymorphic site as Tpi[C370] by using MspI digestion rather than DNA sequencing. The Ϸ600-bp fragment produced by PCR ampliÞcation using Tpi-632 F/Tpi-1195R carries a MspI site present in both strains and the C370 MspI site present only in the Tpi-C haplotype ( Fig. 2A) . In a Tpi-R sample, a MspI restriction digest of the PCR ampliÞed fragment produces a band of Ͼ500 bp (corresponding to segments abcd, Fig. 2A ). The presence of the MspI site in the Tpi-C haplotype results in two bands, a diagnostic 162-bp fragment (segment a) and a larger one (segments bcd) that contains the variable length intron and parts of exon-4 and exon-5.
PCR Amplification and Restriction Digests. PCR ampliÞcation for all reactions used the proÞle: 94ЊC (1 min), followed by 32 cycles of 92ЊC (30 s), 56ЊC (30 s), 72ЊC (1 min), and a Þnal segment of 72ЊC for 3 min. For direct DNA sequencing, the PCR-ampliÞed fragments were isolated from 1.5% agarose gels by using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CA). The isolated fragments were sent to the University of Florida ICBR center for DNA sequence analysis. All primers used were synthesized by Integrated DNA Technologies (Coralville, IA). AmpliÞ-cation of the COI region used the primer pairs COI-58 F (5Ј-GGAATTTGAGCAGGAATAGTAGG-3Ј) and COI-1059R (5Ј-ACACCTGTTAATCCTCCTACAG-3Ј) or COI-893 F (5Ј-CACGAGCATATTTTACATC-WGCA-3Ј) and COI-1303R (5Ј-CAGGATAGTCA-GAATATCGACG-3Ј). AmpliÞcation of the Tpi gene used primers Tpi-282 F (5Ј-GGTGAAATCTCCCCT-GCTATG-3Ј), Tpi-1195R (5Ј-AGTCACTGACCCAC-CATACTG-3Ј), Tpi-632 F (5Ј-GGTTGCCCATGCTCTTGAGTCCGGACTGAAGg-3Ј). Digestions with restriction enzymes (New England Biolabs, Beverly, MA) used manufacturer-provided buffers. Each reaction used 10 Ð20 U of restriction enzyme and was incubated at 37ЊC for 3 h to overnight. For gel electrophoresis, 6 l of 6X gel loading buffer was added to each reaction and the entire sample run on a 2% agarose horizontal gel containing GelRed (Biotium, Hayward, CA) in 0.5X Tris-borate buffer (TBE, 45 mM Tris base, 45 mM boric acid, 1 mM EDTA pH 8.0).
Fragments were visualized on a long-wave UV light box by using the Alpha Imager Mini photo documentation system (Cell Biosciences Inc., Santa Clara, CA).
DNA Sequence Analysis. DNA comparisons, alignments, and restriction site mapping were performed using Geneious Pro 5.4.3 (Biomatters Ltd, Auckland, New Zealand).
Statistical analyses involving correlations and paired t-tests were performed using GraphPad InStat version 5.1 (GraphPad Software, San Diego, CA, www. graphpad.com).
Results

Comparison of Tpi and COI Strain Distributions.
Disagreement between the COI and Tpi methods of strain identiÞcation produce the discordant COI-RS Tpi-C or COI-CS Tpi-R conÞgurations. It was found previously that discordance occurred most frequently in corn-dominated habitats, particularly within the COI-RS subpopulation (Nagoshi 2010 . Additional sampling was performed to conÞrm these observations and test whether the same relationship could be found outside the overwintering areas (the Alabama, Georgia, and Pennsylvania collections) where the fall armyworm populations are known to arise from annual migrations (Table 1) . In all areas containing primarily corn-strain associated host plants, the proportion of Tpi-C always was higher than COI-CS, with a statistically signiÞcant average difference of 0.22. This bias was almost entirely because of discordance within the COI-RS population, where an average of 64% carried the Tpi allele associated with Archived DNA samples from previously described collections were used for this analysis. a Data from (Nagoshi 2010) . b Collections summarized in (Nagoshi 2010) . c Described in (Nagoshi et al. 2008) . d the corn-strain (Table 1 ). In contrast, only 9% of the COI-CS samples were Tpi-R. High discordance within the COI-RS group was not observed in collections from a pasture or turf habitat. Less than 10% of this population on average would be classiÞed as corn-strain by either method (Table 1) . There was an increase in the average discordance within the COI-CS group to 22%, but sample size was very low (n ϭ 4), reßecting the rarity of COI-CS fall armyworm in pasture and turf settings Nagoshi 2004, Nagoshi and Meagher 2004b) .
Characterization of a Strain-Specific MspI Site. The most downstream of the strain diagnostic Tpi markers (C370) is located near the 3Ј end of exon-4 and is found within the recognition sequence (CCGG) for the restriction enzyme MspI (Fig. 1) . The Tpi-C haplotype is associated with an intact site, whereas the internal C is replaced with a T in Tpi-R associated allele. If the distribution of polymorphisms at this single site closely correlates with the strain diagnoses produced by the multi-loci Tpi[10] method, then the presence or absence of the MspI site could be used to estimate strain identity.
The pattern of strain identiÞcation by using the single C370 polymorphism as determined by DNA sequencing (Tpi[C370] method) was compared with that involving all 10 polymorphic sites (Table 2 ). In total, 723 specimens collected from the United States, Brazil, and Puerto Rico were categorized as either Tpi-R or Tpi-C based on the Tpi[10] method. All 518 specimens identiÞed as Tpi-C by Tpi[10] carried a C at site C370, showing complete concordance with Tpi[C370]. A similar result was observed with Tpi-R specimens, where strain identiÞcation by Tpi [10] agreed with that of Tpi[C370] in 199 of 205 samples, a 97% concordance frequency. As expected from this close agreement, there was a highly signiÞcant positive correlation between the two methods ( Table 2) .
Visualization of the Strain-Specific MspI Restriction Patterns.
To analyze the C370 polymorphism without DNA sequencing, a PCR-based method was developed to optimize detection of the strain-speciÞc MspI restriction pattern (designated the Tpi[MspI] method). Primers were designed to amplify an Ϸ600-bp fragment that when digested with MspI was predicted to produce a single band of Ͼ500 bp diagnostic of the rice-strain, or two bands, a diagnostic 162-bp fragment (segment a) and a larger one (segments bcd) that contains the variable length intron, in the corn-strain (Fig. 2A) . These predictions were conÞrmed by MspI restriction digest analysis that produced three distinct patterns (Fig. 2B) . Samples 22, 23, and 33 showed the single Ͼ500-bp band indicative of Tpi-R. Samples 24, 25, 27, and 28 displayed the twoband pattern with the diagnostic 162-bp fragment for Tpi-C that is produced by cutting at the C370 MspI site. A faint band of Ͼ500 bp was seen in these lanes, which because of its relatively low abundance was likely to be the result of incomplete digestion. A composite pattern (Tpi-h) was found with samples 26 and 31, where all three bands were observed, with the Ͼ500-bp band present at levels about equal to the smaller two fragments combined. This is what would be expected in a rice-strain and corn-strain heterozygote where both Tpi haplotypes are present and are expected to amplify with equal efÞciency. DNA sequencing analyses of all samples conÞrmed these interpretations.
Application of Tpi[MspI] to Field Studies. The observation that the COI markers can underrepresent (at least relative to Tpi methods) the corn-strain population could explain the occasional occurrence of unexpectedly high COI-RS numbers in corn habitats. In particular, it was reported that in south Florida cornÞelds the COI-RS haplotype periodically becomes the majority population during certain weeks in the late fall and early winter period (Nagoshi and Meagher 2004b) . A subset of the specimens tested in that study were reanalyzed using Tpi [MspI] (Table 3) . Trap collections from Miami-Dade Co. cornÞelds in November 2003 (MD03) were only 12% COI-CS despite the abundance of corn host plants in the area. Reanalysis using Tpi [MspI] showed that Tpi-C was only marginally higher at 18%. Similarly, no increase in corn-strain related haplotypes were observed using Tpi [MspI] from the same Miami-Dade Co. Þelds in the winter of 2005 or from Avon Park, FL in the fall of 2003, two additional collections with unexpectedly high COI-RS frequencies. In each case, the rice-strain haplotypes remained the dominant population with frequencies (79 Ð97%) similar to that found in the pasture habitat (92%). These results indicate that in these collections the COI and Tpi markers were equally effective at identifying the corn-strain population.
However, a different pattern was observed earlier in the year (Table 3) . Collections from cornÞelds in Avon Park, FL in August (AP03aug) and Hague, FL in September (Hague05) were predominantly (Ϸ70%) COI-RS. In both cases a majority of the samples were Tpi-C as deÞned by Tpi [MspI] . This again reßects a relatively high frequency of COI-RS Tpi-C discordants similar to that observed in the collections described in Table 1 . In the AP03aug and Hague05 collections, 70% (7/10) and 45% (17/38) of the COI-RS samples were Tpi-C, respectively. Overall, the two discordant conÞgurations differed in frequency (Table 3) . The COI-RS Tpi-C conÞguration was found in 37 of the 45 samples (82%) in which the COI and Tpi[MspI] methods gave opposite strain identities. Similarly, the Tpi-h restriction pattern indicative of a Tpi-R/Tpi/C het- erozygote also was found predominantly in association with COI-RS (28/29, 97%).
To assess the accuracy of the Tpi[MspI] relative to Tpi[C370] a subset of the samples examined by MspI digestion were retested by DNA sequencing. There was complete concordance in all cases where both methods gave an unambiguous strain designation (34/ 34). Disagreements were limited to the identiÞcation of the Tpi-h category. In those instances where one method identiÞed a heterozygote, the other method speciÞed a single haplotype 57% (12/21) of the time.
Discussion
The mitochondrial COI gene is maternally inherited so the association of its alleles with a speciÞc strain is dependent upon the Þdelity of females mating to males of the same type. It is only in this way that a particular COI cytotype can be exclusively associated with a strain-speciÞc set of nuclear genes. If interstrain mating occurs, then that linkage will be compromised in subsequent generations. In comparison, the Tpi gene is located on the Z-chromosome and displays sex-linked Mendelian inheritance. Linkage in this case is most likely because of Tpi being physically on the same DNA molecule as the genes involved in strain divergence. Therefore, breaking this linkage requires not only the formation of interstrain hybrids, but also a recombination event that joins the Tpi allele with genes of the opposite strain. This additional requirement means that Tpi should, in principle, be a more reliable strain marker than COI.
This appears to be the case. Because the deÞning behavior for strains is their plant host preference, comparisons of the Þdelity of strain-specifying haplotypes are based on their association with the appropriate plant hosts. The proportion of Tpi-C in habitats preferred by the corn-strain was consistently higher than COI-CS, indicating a stronger association of this Tpi haplotype to the fall armyworm population that exhibits corn-strain host preference (Table 1) . Therefore, Tpi-based protocols appear to be the method of choice for determining strain proportions in collections from locations preferred by the corn-strain. In contrast, both COI and Tpi perform equally well at distinguishing strains in a pasture or turf habitat, with each detecting the COI-RS or Tpi-R haplotypes at similar levels.
Because of these differences in inheritance and linkage mechanisms, the application of both COI and Tpi can potentially provide information not obtainable using a single marker. Interstrain hybridization will immediately compromise the association between COI haplotypes and the strain specifying genes, whereas in the majority of cases (the extent of which will depend on recombination distance) the linkage of the Tpi haplotypes to these genes will remain intact. This means that interstrain hybridization and the subsequent matings of the hybrids will produce discordance between COI and Tpi (COI-RS Tpi-C or COI-CS Tpi-R), the number of discordants inßuenced by the frequency of such mating events. As such, the discordant frequency could provide a relative measure of interstrain mating events. In this regard, it is notable that the frequency of the COI-RS Tpi-C discordant conÞguration is substantially higher than the reciprocal in all areas tested (Table 1, Table 3 ). This strongly suggests that interstrain matings between rice-strain females and corn-strain males occur more frequently or are more successful than the reciprocal pairing, and that the results of such hybridization can make up a substantial portion of the local population. These Þnd-ings support earlier studies using different strain markers (Nagoshi and Meagher 2003; Prowell et al. 2004; Nagoshi et al. 2007c Nagoshi et al. , 2008a . Consistent with these observations are the frequency and distribution of Tpi-h specimens as detected by Tpi [MspI] . In these cases, MspI restriction analyses show that both strainspeciÞc Tpi alleles are present in the same specimen, indicating heterozygosity for Tpi and, presumably, for the strain-specifying genes as well. The frequency of these hybrids is again substantially higher in a COI-RS cytotype, supporting the interpretation that COI-RS females are more likely to mate with the opposite strain than their COI-CS sisters (Table 3) .
The high levels of COI-Tpi discordants initially were observed in surveys of overwintering sites, and could be a characteristic unique to locations where both strains are present throughout the year and have substantial opportunities for hybridizing. To test this sug- Field surveys occasionally show unexpectedly high COI-RS proportions in populations collected in corndominated habitats, representing apparent disruptions of strain-host plant speciÞcity (Prowell et al. 2004, Nagoshi and Meagher 2004b) . A subset of these Þndings can be explained by the presence of high levels of COI-RS Tpi-C discordants (Table 3) . In these cases, the Tpi-C haplotype was found in the majority of the population, consistent with these individuals being of the corn-strain and displaying the expected plant preference phenotype. However, discordants did not explain the recurring rice-strain majorities found in Florida cornÞelds during late fall and early winter (Nagoshi and Meagher 2004a,b, Table 3 ). Apparently, these months are associated with a scarcity of COI-CS and Tpi-C haplotypes relative to their ricestrain counterparts for reasons that are unclear.
The application of Tpi in the study of fall armyworm population movements and behaviors should be facilitated greatly by the methodological modiÞcations that reduce the need for DNA sequencing. I have demonstrated that the Tpi[MspI] method using restriction mapping provides an unambiguous discrimination between Tpi-R and Tpi-C, with results comparable to protocols involving DNA sequencing information at multiple sites (Table 2) . Potentially less reliable is the identiÞcation of Tpi-h heterozygotes, as the diagnostic composite pattern can be difÞcult to distinguish from incomplete MspI digestion. Fortunately, this subgroup tends to be a minor component of most populations and, if necessary, the identity of any ambiguous samples can be retested by DNA sequencing (Tpi[C370] ).
Both Tpi [MspI] and Tpi[C370] are equally effective on male or female samples, an improvement over the Tpi[10] method with which it was frequently difÞcult to provide useful sequencing data from males. These methodological improvements make the Tpi gene a viable alternative to COI for identifying fall armyworm strains in large-scale population studies, even providing higher accuracy in certain situations. It is now practical to routinely determine the COI and Tpi haplotypes from the same specimen on a large scale, facilitating more extensive Þeld studies on fall armyworm populations and more detailed examination of interstrain hybridization.
